We have successfully demonstrated a lateral spin valve device using a silicon nanowire for the nonmagnetic channel. Low-temperature transport measurements with in-plane magnetic field were performed in both local and nonlocal configurations. Hysteretic behavior was observed in the local magnetoresistance curves, with a maximum change of 0.18% at 2.4 K. The shape of the magnetoresistance curves indicates spin valve behavior with two switching fields. In the nonlocal voltage configuration, distinct dips were observed when the injector and detector contacts had antiparallel magnetization states.
We have successfully demonstrated a lateral spin valve device using a silicon nanowire for the nonmagnetic channel. Low-temperature transport measurements with in-plane magnetic field were performed in both local and nonlocal configurations. Hysteretic behavior was observed in the local magnetoresistance curves, with a maximum change of 0.18% at 2.4 K. The shape of the magnetoresistance curves indicates spin valve behavior with two switching fields. In the nonlocal voltage configuration, distinct dips were observed when the injector and detector contacts had antiparallel magnetization states. Silicon (Si) continues to be viewed as the ultimate semiconductor for spintronic devices. Its low spin-orbit scattering probability and a natural abundance of Si 28 with zero nuclear spin lead to an enhanced spin lifetime and a longer coherence length, as compared to that in III-V semiconductors.
1 Though significant progress has been achieved on spin injection in bulk Si, 2-5 the recent availability of high-quality silicon nanowires (SiNWs) has aroused interest in demonstrating spin-polarized transport in the nanoscale. The inherently nanometer-sized, single crystalline SiNWs offer a way to study the effects of electron confinement 6, 7 coupled with spin-polarized transport. Lin et al. reported on magnetoresistance studies in a MnSi/ p-type Si/MnSi nanowire heterostructure. 8 In the current work, we successfully demonstrate a lateral spin valve device using n-type SiNWs with ferromagnetic cobalt (Co) electrodes.
II. DEVICE FABRICATION
Highly phosphorus-doped, single crystal h111i-SiNWs were synthesized using gold nanocatalyst-mediated chemical vapor deposition. The SiNWs were sonicated in ethanol solution and spin coated onto an n-type Si substrate with a 200 nm SiO 2 layer. This layer serves to isolate individual SiNWs from one another. A scanning electron microscope was used to locate the SiNWs relative to predefined markers on the substrate. Only those with diameters of 35 to 50 nm and lengths of more than 1 lm were chosen for device fabrication. Conventional electron beam lithography, metal evaporation (background vacuum level $10 À 6 Torr), and lift-off techniques were used to define the multiple contacts on the SiNWs, as illustrated in Fig. 1 . A light hydrofluoric acid (HF) etch was done prior to deposition of the contacts with a nominal thickness of 50 nm. The Co injector (contact C2) and detector (contact C3), with their easy axis of magnetization along the length, were designed with different aspect ratios that give rise to different switching fields. 9, 10 In order to prevent oxidation, the Co contacts were capped with a 2 nm platinum layer. Titanium (Ti) was used for the nonmagnetic reference (contacts C1 and C4). Due to the Schottky barrier 11 formed at the SiNW surface in contact with the metal and to the presence of an ultrathin native oxide residue after HF treatment, the Co/Si interface layers act as tunnel barriers, leading to a lateral multiple tunnel junction device. The multiple contacts on the SiNW enable both two-terminal ("local") and four-terminal 12 ("nonlocal") measurements. In the local configuration, contacts C2 and C3 are used for both spin injection and voltage detection. In the nonlocal (NL) configuration, on the other hand, spin-polarized electrons are injected into the SiNW by biasing contacts C2 and C1. The injected spins (yellow arrows in Fig. 1 ) diffuse in both directions from C2. The resulting spin accumulation in the SiNW/C3 interface leads to an electrochemical potential difference for the majority and minority spin states. This is observed as a change in NL voltage at the detector, depending on the magnetization alignment between the injector and the detector. Because there is no charge current passing through the voltage detection probes, the signal obtained is free from effects such as anisotropic magnetoresistance, magneto-Coulomb and local Hall effects, among other things. 13, 14 Transport measurements of the SiNW devices were done at 2.4 K using a standard ac lock-in technique. The sample was biased to inject 3.5 nA in order to minimize heating as the in-plane magnetic field (B) was swept from À300 mT to þ300 mT.
III. TRANSPORT PROPERTIES
Prior to the spin injection experiments, the resistances of the samples were measured in the linear response regime. Typical values ranged from 35 to 50 X when current was passed through the Co contacts (C2 or C3) only, and from 3 kX to a few MX when current was applied through the SiNW (C2-SiNW-C3). It was found that the contact resistance dominates the total resistance measured in the SiNWs. Hence, for the SiNW spin injection device discussed in this paper, the contact resistance is estimated to be at least one order of magnitude higher than that of the SiNW. Figure 2 shows the typical current-voltage characteristics of the SiNW devices, indicating a slight nonlinearity at low temperatures. The differential conductance plot in the inset suggests the existence of asymmetric tunnel barriers due to different contact conditions that modify the Schottky barriers formed at the SiNW/Co interfaces. Figure 3 shows a typical local magnetoresistance (MR) plot obtained with an injection current of 3.5 nA at 2.4 K. For this device, the center-to-center Co separation distance is L ¼ 4.8 lm. The characteristic traces were recorded for two sweep directions of the magnetic field: the red trace corresponds to the up-sweep from À300 mT to þ300 mT, while the blue trace is for the down-sweep direction. The MR ratio is defined as
where R B is the resistance at an applied field B, while R min is the minimum resistance in the field range swept. The MR curves can be characterized by two distinctly reproducible regimes in both magnetic field directions: (1) the zero baseline MR level, and (2) the hysteretic switching region occurring around 620 mT to 6130 mT that showed the largest MR change of 0.18%. The switching fields of contacts C2 and C3 were confirmed from separate anisotropic magnetoresistance test structures (not shown). At B ¼À300 mT, contacts C2 and C3 are both magnetized parallel to the external field. As B is ramped toward increasingly positive values (red trace), contact C2 (larger) switches its magnetization at þ20 mT from parallel to antiparallel, causing a positive MR change. When B reaches þ130 mT, contact C3 also switches, rendering the system back to the parallel state. This brings the resistance back to the baseline MR level. The downsweep trace shows similar behavior, with an additional peak existing at þ160 mT, which is likely due to contact effects. The hysteretic curves are indicative of spin valve behavior. It is worthwhile to note that at 2.4 K, the Coulomb blockade effect is not important in the present device because the estimated charging energy is smaller than the thermal energy. 15 Hence, magneto-Coulomb effects are not likely to have caused the MR changes. 16 In order to verify that the observed spin-valve-like signal in the local measurement configuration stems from spin transport, NL measurements were performed. Figure 4 exemplifies the NL voltage dependence on the applied magnetic field at an injection current of 3.5 nA. Both the up-sweep and down-sweep traces exhibit a distinct dip from 620 mT to 6130 mT when the relative magnetization orientation between the spin injector (C2) and detector (C3) becomes antiparallel. This is consistent with majority spin injection into the SiNW, whereby the antiparallel alignment causes a reduction in the nonlocal voltage because the majority spins in C3 have an opposite orientation to the ones accumulated in the SiNW. The squarelike plateau around 620 mT and 6130 mT is indicative of the relative stability of the magnetization reversal in the Co contacts, as the B field is swept in both positive and negative directions. Note that the obtained nonlocal spin signal is comparable to those reported for bulk Si. 5, 17 Other SiNW spin injection samples were also fabricated and tested, and results showed a similar signature. However, when Ti metal was used for contact C3, thereby leaving only one Co contact, C2, no hysteretic signal was obtained in the nonlocal measurements. This suggests that two ferromagnetic contacts are needed to electrically detect spin-polarized transport. This rules out the possibility of magnetization-switching-induced resistance changes, previously reported on InP nanowires with ferromagnetic contacts. 18 All these results provide good evidence of spin transport in SiNWs.
IV. CONCLUSION
Silicon nanowire-based lateral spin valve devices were fabricated with ferromagnetic cobalt contacts. Spin injection experiments were performed in both local and nonlocal measurement configurations. The local magnetoresistance curves were masked by "contact" effects. Distinct nonlocal spin signals, on the other hand, were observed around 620 mT and 6130 mT, when the spin injector and detector magnetization states were antiparallel. These results corroborate spin transport in SiNW, making it a prospective nanostructure for spintronic devices.
